no effect. Moreover, we identified that this ATM-mediated cell death is p53 dependent. In addition, we localized the Mre11-Rad50-Nbs1 (MRN) complex, the major mediator as well as a substrate of the ATM-mediated DNA damage response pathway to MVC replication centers during infection, and show that Mre11 knockdown led to a reduction in MVC DNA replication. Our findings are the first to support the notion that an autonomous parvovirus is able to hijack the host DNA damage machinery for its own replication and for the induction of cell death.
Bocavirus is a newly classified genus of the family Parvovirinae and includes human bocavirus (HBoV), minute virus of canines (MVC), and bovine parvovirus (BPV). HBoV was recently associated with acute respiratory wheezing and pneumonia (3, 44, 72) and is commonly detected in association with other respiratory viruses (44, 72) . In addition to being linked to respiratory illnesses, HBoV has been associated with gastroenteritic diseases (2, 4, 50, 53, 85) . Within their respective hosts, two closely related animal bocaviruses share these characteristics (12, 17, 42, 58, 66, 76) . Although differentiated human airway epithelial cells were recently shown to support HBoV replication, the fact that this was at an extremely low level (31) makes this system a difficult one to study HBoV biology. MVC infection of Walter Reed/3873D (WRD) cells, however, has been proven much more efficient (11, 79) . Using this system, we have shown that MVC infection induces mitochondrion-mediated apoptosis, that this effect is dependent on replication of the viral genome, and that the MVC genome per se is able to arrest the cell cycle at the G 2 /M phase (19) .
Infection by many DNA viruses has been found to induce a cellular DNA damage response (DDR), which can either block or enhance viral DNA replication, as well as cell cycle arrest (in response to mild damage) or apoptosis (in response to irreparable damage), in infected cells (56) . DNA damage rapidly activates conserved DDR pathways (41, 75) that involve three phosphatidylinositol 3-kinase-like kinases (PI3Ks): ATM (ataxia telangiectasia-mutated kinase), ATR (ATM-and Rad3-related kinase), and DNA-PK (DNA-dependent protein kinase) (7, 54, 65) . ATM is activated primarily as a result of DNA double-strand breaks (DSBs) and is recruited to DSBs by the Mre11-Rad50-Nbs1 (MRN) complex. ATR, on the other hand, responds to the detection of single-stranded DNA (ssDNA) breaks and stalled DNA replication forks and is recruited to RPA-coated ssDNA by an ATR-interacting protein (ATRIP) (15, 41) . Like ATM, DNA-PK is activated in response to DSBs, but it is recruited to the damage site in complex with Ku70 and Ku80. Once recruited to a site of damage, ATM, ATR, and DNA-PK phosphorylate a number of substrates (including H2AX, RPA, CHK1 and CHK2, p53, SMC1, Nbs1, and BRCA1) that in turn target other proteins, with the ultimate outcome being the silencing of cyclin-dependent kinases (CDKs) and an arrest of cell cycle progression to promote DNA repair or elimination of the potential hazardous cells by apoptosis (6, 41, 45) .
Parvovirus contains a linear ssDNA genome with terminal repeat structures at both ends (24) . Adeno-associated virus 2 (AAV2), a member of the genus Dependovirus of the family Parvovirinae, in the case of infection by (UV-inactivated) AAV2 alone, provokes a DDR that mimics stalled replication forks, with both ATM and ATR being activated, resulting in the phosphorylation of CHK1 and H2AX and G 2 -phase arrest (32, 43, 67) . It is the p5 promoter sequence, rather than the AAV2 terminal repeats, that triggers the DDR (32) . However, when AAV2 undergoes a productive infection in the presence of adenovirus, AAV2 DNA replication activates a DDR that is mediated primarily through the DNA-PK pathway and leads to phosphorylation of the downstream targets H2AX, RPA32, Nbs1, CHK1, CHK2, and SMC1 (22, 73) in the absence of the MRN complex (73) . Replication of AAV2 requires degradation of the MRN complex, an upstream regulator essential for activation of the ATM pathway (74) . For this, AAV2 requires the help of another virus, such as adenovirus. Adenovirus per se can induce a DDR and cell death (26) . Therefore, a simple model for studying the relationships among parvovirus DNA replication, DDR, and induced cell death has not been established.
In the current study, we provide the first evidence that infection by MVC, an autonomous parvovirus, triggers a DDR that is represented by phosphorylation of both H2AX and RPA32. We show that both ATM-and ATR-mediated pathways are involved in the MVC infection-induced DDR but that only the ATM-mediated pathway, which is sensed by the MRN complex, is critical for replication of the MVC genome and MVC infection-induced cell death.
anti-p-Nbs1 (Ser343), and anti-p-p53 (Ser15) were obtained from Cell Signaling, Inc. Antibody dilutions used for Western blotting and immunofluorescence analysis were those suggested in the manufacturers' instructions.
Western blotting and immunofluorescence. Western blotting and immunofluorescence assays were performed as previously described (19) . Confocal images were taken at a magnification of ϫ100 (objective lens) with an Eclipse C1 Plus confocal microscope (Nikon) controlled by Nikon EZ-C1 software.
For BrdU incorporation, WRD cells were seeded on a chamber slide and infected with MVC at an MOI of 5. At 18 h postinfection (p.i.), BrdU was added into the cell culture medium at a final concentration of 5 M. At 24 h p.i., cells were fixed and coimmunostained with rat anti-MVC NS1 and mouse anti-BrdU to mark the MVC replication centers.
Southern blotting. Low-molecular-weight DNA (Hirt DNA) was extracted from WRD cells, and DpnI digestion and Southern blotting were performed using an MVC NSCap probe as described previously (79) .
Virus titration assay. WRD cells were transfected with siRNAs for 48 h or treated with inhibitors for 3 h prior to MVC infection (MOI of 5). At 48 h p.i., both the cells and the medium were collected and lysed by repeated freezing and thawing. After lysis, the samples were briefly centrifuged and the supernatants were collected for the virus titration assay.
WRD cells were seeded on 4-well chamber slides (Lab-Tek) 24 h prior to infection. Virus samples were serially diluted 10-fold and added to each well. At 24 h p.i., cells were fixed in 100% acetone, stained with anti-MVC NS1, and then processed for the immunofluorescence assays. The number of fluorescencepositive cells in each chamber was counted. The number of focus-forming units in each well was calculated by multiplying the number of fluorescence-positive cells per chamber by the dilution of the virus-containing supernatant. The viral titer is expressed as the average number of focus-forming units per ml of supernatant (FFU/ml).
Flow cytometry analysis. Live/Dead Violet staining for detection of cell death and DAPI (4Ј,6-diamidino-2-phenylindole) staining for analysis of cell cycle were performed as described previously (19) . All of the processed samples were analyzed on a three-laser flow cytometer (LSR II; BD Biosciences) at the Flow Cytometry Core of the University of Kansas Medical Center. All flow cytometry data were analyzed using FACSDiva software (BD Biosciences).
RESULTS

MVC infection causes a DDR in infected cells.
To examine whether a DNA damage response (DDR) is induced during MVC infection, we evaluated the phosphorylation status of H2AX and RPA32 in MVC-infected cells. First, we used BrdU incorporation to identify the MVC DNA replication centers and inspected whether anti-BrdU staining colocalizes with the MVC NS1 protein. As shown in Fig. 1A , NS1 was present at active replication foci, as indicated by anti-BrdU staining. In subsequent experiments, we used anti-NS1 staining as a marker for the MVC DNA replication centers.
MVC-infected cells were coimmunostained with anti-NS1 and anti-phosphorylated H2AX (␥H2AX) or with anti-NS1 and anti-RPA32 phosphorylated at serine 33 (p-RPA32). In parallel, we treated cells with hydroxyurea (HU), an agent known to induce a DDR (5, 86) , as a positive control. At 48 h p.i., we found that MVC infection led to significant increases in the levels of both ␥H2AX and p-RPA32 in NS1-expressing cells (Fig. 1B and C, MVC-infected), with most of the NS1-expressing cells (red) also positive for anti-␥H2AX or anti-p-RPA (green), respectively. Interestingly, p-RPA32 colocalized with NS1 at replication foci, but ␥H2AX did not (Fig. 1B and C, MVC-infected). In the HU-treated positive-control cells, ␥H2AX and p-RPA32 were also expressed in the nuclei (Fig.  1B and C, HU-treated). Thus, MVC infection specifically induces the phosphorylation of H2AX and RPA32. Western blot analysis revealed that H2AX and RPA32 were increasingly phosphorylated over time (Fig. 1D) . Both H2AX and RPA32 were phosphorylated starting at 18 h p.i. and were maximally phosphorylated at 36 h p.i.; this correlated with the level of MVC replication as assessed by NS1 expression (Fig. 1D) . Collectively, these findings show that MVC infection induces a significant DDR that is correlated with MVC replication.
Both ATM and ATR are activated in the MVC infectioninduced DDR. We examined which kinase pathway underlies the DDR induced during MVC infection. First, we used pharmacological inhibitors to ATM, ATR, and DNA-PK to block the phosphorylation of these kinases. Both the ATM-specific inhibitor KU55933 (38) and the ATR/ATM-specific inhibitor CGK733 (1, 10, 25, 35, 89, 92) reduced ␥H2AX levels approximately 5-fold compared with those in DMSO control cells ( Fig. 2A , lanes 3 and 4 versus lane 2); this did not hold true for the DNA-PK inhibitor NU7441 (51) (Fig. 2A, lane 5) . CGK733 also significantly interfered with the phosphorylation of RPA32, whereas KU55933 and NU7441 did not (Fig.  2B) . The pan-PI3K inhibitor wortmannin (61) also inhibited the phosphorylation of RPA32 but not as potently as did CGK733 (Fig. 2B) . Dephosphorylation of ATM by the inhibitors KU55933 and CGK733 was confirmed by anti-p-ATM staining (Fig. 2C, lanes 3 and 4) , and ATR dephosphorylation by the inhibitor CGK733 was confirmed by anti-p-ATR staining (Fig. 2D, lane 4) .
We next used siRNA molecules to specifically knock down ATM, ATR, and the DNA-PK catalytic subunit (DNA-PKcs). As shown in Fig. 3A , the ATM-specific siRNA inhibited ATM expression approximately 4-fold compared to that seen with the scrambled siRNA control (Fig. 3A) . Consistent with an inhibition of ATM expression, the ATM siRNA reduced ␥H2AX more than 5-fold, to the background level (Fig. 3D,  lane 3 ), but did not affect phosphorylation of RPA32 (Fig. 3E,  lane 3) . Similarly, the ATR-specific siRNA reduced ATR expression (Fig. 3B) and accordingly decreased the level of phosphorylated RPA32 to the background level in the mock control but not that of ␥H2AX (Fig. 3D and E, lane 4 versus lane 1). However, neither phosphorylation event was diminished in MVC-infected cells treated with the DNA-PKcs-specific siRNA ( Fig. 3D and E, lane 5), in spite of the fact that the MVC-infected cells were harvested at 48 h p.i. and were lysed for immunoblotting using anti-␥H2AX (A), anti-p-RPA (Ser33) (B), antip-ATM (Ser1981) (C), and anti-p-ATR (Ser428) (D). In all blots, anti-␤-actin was used to control for loading. Mock-infected and HUtreated cells were used as a negative and a positive control, respectively.
VOL. 85, 2011 BOCAVIRUS DDR ROLE IN DNA REPLICATION AND CELL DEATHDNA-PKcs-specific siRNA inhibited nearly 90% of the DNAPKcs (Fig. 3C, lane 3) . Together, these results show that the increase in ␥H2AX during MVC infection is mediated by ATM phosphorylation, whereas the increase in RPA32 phosphorylation is a consequence of ATR activation. Thus, the MVC infection-induced DDR appears to involve activation of both the ATM and the ATR pathway. Due to the lack of an antibody to detect phosphorylated canine DNA-PK, we were not able to test whether DNA-PK is phosphorylated during MVC infection. However, based on results using the DNA-PKcs-specific siRNA, we believe that DNA-PK is less likely to be involved in the DDR induced by MVC infection.
The ATM-mediated DDR plays an important role in inducing the cytopathic effects that occur during MVC infection. We used the above-described pharmacological inhibitors and siRNAs to examine the effects of inhibiting ATM, ATR, and DNA-PK on the cell death that is triggered in WRD cells by MVC infection (19) . At 24 and 48 h p.i., the cells were harvested for flow cytometry analysis with the cell death marker dye Live/Dead Violet and an anti-MVC NS1 antibody. NS1-expressing cells were selectively gated to determine the percentage of dead cells. We found that when either an ATM inhibitor (KU55933 or CGK733) or an ATM-specific siRNA was applied to MVC-infected cells, cell death at 48 h p.i. was significantly inhibited (Fig. 4) . More specifically, treatment with KU55933 and CGK733 reduced cell death by 55% and 84%, respectively, over that seen in the DMSO control, and application of the ATM-specific siRNA reduced cell death by 70% compared to that achieved when the scrambled siRNA control was applied. Treatment of the cells with the ATRspecific siRNA resulted in only a slight inhibition of cell death, by approximately 11% (Fig. 4) . In contrast, application of neither the DNA-PK inhibitor NU7441 nor DNA-PKcs-specific siRNA resulted in significant inhibition of the cell death induced by MVC infection at 48 h p.i. (Fig. 4) . These results suggest that ATM activation is important to the cell death induced by MVC infection, whereas the ATR pathway contributes minimally. At 24 h p.i., cells in the DMSO control group did not undergo cell death at a significant level; therefore, inhibitory effects of the ATM inhibitor or of the siRNA could not easily be evaluated (Fig. 4) . Moreover, application of the ATM-specific siRNA inhibited phosphorylation of p53 at serine 15 (Fig. 5A ). Knockdown of p53 by a p53-specific siRNA reduced cell death by approximately 61% compared to that achieved with the treatment with the scrambled siRNA ( Fig.  5B and C) but did not correct the cell cycle arrest (Fig. 5D ).
Thus, our results suggest that MVC infection induces an ATMmediated and p53-dependent cell death. We reported previously that a G 2 /M cell cycle arrest occurs during late MVC infection (19) . When KU55933 and CGK733 were applied to WRD cells prior to infection, the G 2 /M arrest, which normally occurs at 48 h p.i., was inhibited to some extent; only approximately 56% (CGK733) and 67% (KU55933) were in the G 2 /M phase, compared to 76% in the DMSO control sample (Fig. 6) . In contrast, the DNA-PK inhibitor had no effect (Fig. 6) . Consistent with these results, only the ATM siRNA reduced the MVC infection-induced G 2 /M arrest, by approximately 16% compared to that seen in the cells treated with the control scrambled siRNA (Fig. 6) ; neither the ATR-nor the DNA-PKcs-specific siRNA had an effect (Fig. 6) . These results suggest that ATM activation is likely involved in the G 2 /M cell cycle arrest during MVC infection.
The ATM-mediated DDR is required for replication of the MVC genome. To test whether MVC replication was impaired by deactivation of any of the three DDR pathways, we evaluated the percentage of MVC-infected cells by intracellular staining using anti-NS1 antiserum. A typical experiment is shown in Fig. 7A , where, at 48 h p.i., approximately 70% of WRD cells were infected with MVC (Fig. 7A , DMSO and Scrambled). In cells treated with KU55933 or CGK733, NS1-expressing cells were decreased to 41.6% or 11.6%, respectively, of the numbers seen in the control, indicating that ATM inactivation reduced MVC infection. Furthermore, knockdown of ATM using an ATM-specific siRNA led to a 72% decrease in NS1-expressing cells compared to the number in the scrambled siRNA control group (Fig. 7A) . However, treatment with either an ATR-or a DNA-PKcs-specific siRNA failed to reduce the number of NS1-expressing cells significantly (Fig.  7A) . These results indicate that ATM activation may facilitate MVC replication.
To confirm the role of ATM activation in MVC DNA replication, we treated WRD cells with our panel of kinase inhibitors and siRNAs and then analyzed MVC DNA replication by Southern blotting. As shown in Fig. 7B , treatment of cells with either KU55933 or CGK733 reduced the level of the replicative form (RF DNA) of the MVC DNA approximately 5-fold (Fig. 7B, lanes 2 and 3 versus lane 5 ), whereas treatment with the DNA-PK inhibitor NU7441 did not (Fig. 7B, lane 4) . Notably, both KU55933 and CGK733 significantly blocked synthesis of the MVC ssDNA, approximately 10-fold (Fig. 7B , lanes 2 and 3 versus lane 5); this effect of ATM inhibition was more pronounced when the ATM-specific siRNA was applied (Fig. 7B, lane 8 versus lane 7) . In contrast, ATR-and DNAPKcs-specific siRNAs failed to inhibit synthesis of both the RF DNA and the ssDNA of MVC (Fig. 7B, lanes 9 and 10) . The inhibition of ssDNA synthesis was confirmed by measuring progeny virus production from MVC-infected cells subjected to each treatment. As expected, the virus titers in the ATMinhibited groups (KU55933, CGK733, and siATM treated) were reduced more than 12-fold compared with those in their respective control groups (Fig. 7D , Mock and Scrambled). Consistent with results from Southern blotting, CGK733 treatment reduced progeny virus production 32-fold; however, the inhibition of ATR alone using an ATR-specific siRNA did not significantly decrease the production of progeny virus (Fig. 7D,  siATR) . Likewise, treatment of cells with a DNA-PK-specific inhibitor or siRNA did not affect the production of progeny virus compared to that seen in the respective controls (Fig. 7D , NU7441 and siDNA-PKcs).
Taken together, these results show that the ATM-mediated DDR is essential to MVC DNA replication and that this particular DDR is the most important with respect to synthesis of the MVC ssDNA genome during infection. This is the first time to demonstrate that an autonomous parvovirus is able to hijack the cellular DNA damage response machinery for its productive replication.
The MRN complex facilitates MVC DNA replication. To examine whether the MRN complex is involved in MVC DNA replication, we first evaluated whether this complex forms in early infection. At 24 h p.i., Mre11 in infected cells colocalized with the replication foci (punctate patterns) as well as with Rad50 and phosphorylated Nbs1 (p-Nbs1) (Fig. 8A) ; in uninfected cells, Mre11, Rad50, and p-Nbs1 were broadly distributed throughout the nuclei without forming bright foci (data not shown). As MVC infection proceeded, Mre11 was degraded, as evident from a decrease in Mre11 in the MVC replication foci at 48 h p.i. (Fig. 8A) . Importantly, Rad50 and p-Nbs1 remained at the same level in these locations as at 48 h p.i. (Fig. 8A ). Immunoblotting revealed a clear transition of Mre11 expression between 24 and 36 h p.i. (Fig. 8B, Mre11) ; this period corresponds to the time point that is critical for replication of the MVC DNA (Fig. 8B, NS1) . Notably, starting at 18 h p.i., we observed a smaller band of approximately 70 kDa (Fig. 8B, Mre11a ). This small Mre11 band reached a maximal level at 24 h p.i. and decreased in late infection; this correlates with the timing of MVC DNA replication, as indicated by anti-NS1 staining (Fig. 8B, NS1) . It was not expressed in HU-treated cells (Fig. 8B ) and was confirmed not to be a viral protein (data not shown). We speculate that it is an active form of Mre11, which may play the important role of sensing DSBs and recruiting p-Nbs1 and Rad50 to the MVC replication foci. We used another anti-Mre11 antibody to confirm that Mre11 is degraded. Indeed, a slight reduction of the Mre11 band was observed, and only in infected cells, at 24 and 36 h p.i. (Fig. 8B, Mre11b ). In contrast, the level of Rad50 remained constant throughout MVC infection (Fig. 8B, Rad50) .
To further explore the role of Mre11 in MVC DNA replication, we knocked down Mre11 and then measured MVC DNA replication. Unlike the loss of MRN complex function, which occurs during replication of AAV2 when it is coinfected with adenovirus (74), Mre11 knockdown led to a significant decrease, approximately 3-fold, in MVC DNA replication ( Fig.  8C and D) . We speculated that this was caused by the failure to activate ATM, since the MRN complex acts as an upstream regulator of the ATM pathway (52, 63, 81) . Indeed, we found that silencing of Mre11 reduced ATM phosphorylation significantly, to a level similar to that produced by ATM knockdown (Fig. 8E) . Moreover, phosphorylation of the ATM substrate SMC1 (47, 71, 93) was reduced in this context (Fig. 8E) . In addition, we found that in contrast to the results we obtained by silencing Mre11, knockdown of ATM reduced Nbs1 phosphorylation only slightly, indicating that a low level of activated ATM is sufficient to phosphorylate Nbs1. As Nbs1 is essential for DSB repair and genome stability (29) , the persistent presence of p-Nbs1 in the MVC replication foci (Fig. 8A) suggests that this activated form may play a role in replication of the MVC genome.
These results show that the MRN complex localizes to the MVC replication foci, indicating that MVC genomes are sensed as DNA damage, likely as DSBs (20) , by the MRN complex at the replication foci. On the other hand, colocalization of p-Nbs1 and Rad50 in the MRN complex within the MVC DNA replication foci may facilitate replication of the MVC genome.
Replication of the MVC genome induces the DDR. We next sought to explore which viral components are involved in the MVC infection-induced DDR. We transfected the MVC infectious clone pIMVC, as well as its derivatives pIMVCNS1(Ϫ), pIMVCNP1(Ϫ), pIMVCVP1/2(Ϫ), and the NSCap-expressing construct pMVCNSCap, in which both terminal repeats were deleted, into WRD cells, separately (Fig. 9C) . At 48 h p.i., we analyzed transfected cells for anti-␥H2AX staining and costained all samples except pIMVCNS1(Ϫ)-transfected cells with anti-NS1; pIMVCNS1(Ϫ)-transfected cells were costained with anti-NP1. Transfection of pIMVC induced phosphorylation of H2AX in ϳ80% of NS1-expressing cells at 48 h p.i. (Fig. 9A) . H2AX was not phosphorylated in NP1-expressing cells or NS1-expressing cells transfected with the replication-defective construct pIMVCNS1(Ϫ) or pMVCNSCap, respectively (19, 79) (Fig. 9A) . Transfection of the NP1 knockout construct pIMVCNP1(Ϫ), which replicates poorly (79) , also failed to induce significant phosphorylation of H2AX, whereas transfection of pIMVCVP1/2(Ϫ) induced phosphorylation of H2AX in ϳ40% of NS1-expressing cells (Fig. 9A) . Consistent with this result, transfection of the replicative constructs pIMVC and pIMVCVP1/2(Ϫ) phosphorylated p53, in ϳ10% and 5% of NS1-expressing cells, respectively, but transfection of the nonreplicative MVC constructs did not (Fig. 9B) , suggesting that activation of the death signaling cascade requires a high level of DDR. In the context of knockout of both VP1 and VP2, in pIMVCVP1/2(Ϫ)-transfected cells, the MVC genome was replicated at a level approximately 2 times lower than that measured in pIMVC-transfected cells (Fig. 9C) .
These results indicate that expression of the MVC pro-
, and VP1/2 in pMVCNSCap-transfected cells] is not sufficient to induce H2AX or p53 phosphorylation. Instead, H2AX and p53 phosphorylation is tightly associated with replication status of the MVC genome. These results suggest that at least replication of the MVC genome is required to induce a DDR (Fig. 9D ).
DISCUSSION
In this study, we have demonstrated that MVC infection leads to phosphorylation of H2AX and RPA32, hallmarks of the DDR (13, 16, 34, 60, 68, 86, 91) , and that the ATM-and ATR-mediated pathways are both activated. In some respects, the DDR induced by MVC infection is beneficial to virus infection, i.e., facilitating replication of viral DNA, especially synthesis of ssDNA, as well as inducing cell death, which is essential for virus egress. On the other hand, the MVC infection-induced DDR is detrimental to the host in that it leads to activation of cell cycle checkpoints and apoptosis of infected cells. Notably, the DDR was not triggered by expression of viral proteins and the delivery of plasmids containing the nonreplicative MVC DNA but rather by replication of the MVC DNA. Thus, we provide convincing evidence that a DDR induced by autonomous parvovirus plays critical roles in the virus life cycle and virus infection-induced cytopathic effects. MVC infection induced a DDR mediated by both the ATM and the ATR pathway. ATR and its downstream effector RPA32 were phosphorylated during MVC infection, and phosphorylated RPA32 colocalized with MVC NS1 in the replication centers (Fig. 1B) . Interestingly, RPA32 is an ssDNA binding protein that is essential for replication of both the minute virus of mice (MVM) (21) and the AAV2 (62) genome. Activation of ATR and subsequent phosphorylation of RPA32 have been shown to play a pivotal role in the DDR induced by infection with UV-inactivated AAV2 (32, 43) . Moreover, AAV2 DNA replication activates DNA-PK, which then phosphorylates RPA32 at multiple sites (73) . RPA32 phosphorylation also has been shown to increase as infection by EpsteinBarr virus (EBV) progresses (48) . However, in our study, we found that inhibition of RPA32 phosphorylation by silencing ATR did not affect MVC DNA replication. In fact, it has been reported that RPA32 phosphorylation appears to occur outside the cellular replication sites (33, 84) . CGK733 inhibits both ATM and ATR activation (1, 10, 25, 35, 89, 92) and was the most effective inhibitor of DDR-mediated cell death and cell cycle arrest in MVC-infected cells. We believe that these potent inhibitory effects are due to the fact that CGK733 is a more potent inhibitor of ATM than is the ATM-specific inhibitor KU55933 in WRD cells, rather than due to its additional inhibition of ATR phosphorylation.
The DDR that is induced during simian virus 40 (SV40) infection has been suggested to be activated by the large T antigen via Bub1 binding (37) . The large T antigen also interacts with the MRN complex (30, 49, 90) . The human papillomavirus (HPV) E7 protein directly binds to ATM, and this induces an ATM-mediated DDR upon HPV infection of differentiated epithelia (59) . In parvoviruses, both AAV2 Rep78 and parvovirus H-1 NS1 have been implicated in the phosphorylation of H2AX (9, 39) , which was hypothesized to occur as a response by either nonspecific nicking of the cellular DNA by Rep78 (9) or NS1-induced reactive oxygen species (ROS) as a DNA damage agent (39) . However, Rep78 accounts for only a small portion of the DDR that is induced during AAV2 replication (73) . Notably, our results suggest that neither NS1 nor a stalled replication fork (Fig. 9) , which would potentially be assembled in the region of the MVC replication origin to activate ATR (32, 43) , is responsible for the DDR induced during MVC infection. The low level of DNA replication achieved by transfection of the NP1-deficient infectious clone [pIMVCNP1(Ϫ)] in WRD cells failed to induce a clear DDR. Given that a moderate level of genome replication is absolutely required for the MVC-induced DDR, we hypothesize that specific nicking of the replicative form (RF) of the MVC genome by the helicase activity of NS1 may create lesions that mimic DSBs (Fig. 10, c) and that a DDR is triggered when this signal accumulates to a certain level. In fact, ATM is a prime candidate for mediating the cellular damage response to DSBs (52) , as DSBs are sensed by the MRN complex, which triggers ATM-mediated H2AX phosphorylation (52, 64) . How ATM is activated during virus infection is not clearly understood. Based on studies of herpes simplex virus type 1 (HSV-1), it was proposed that DSBs may arise as a consequence of replication fork collapse at sites of oxidative damage (57, 82) , possibly due to cleavage of the viral ␣ sequences by endonuclease G during genome isomerization (40, 88) . Parvovirus NS1 nicks only the positive strand of the RF DNA at the terminal resolution site (23) , and it has been shown that opening of the DNA helix is required for MRN complex stimulation of functional ATM (52, 63) . Self-complementary recombinant AAV2 (scAAV), of which the genome is an RF DNA, contains palindromic hairpin-structured terminal repeats, which resemble a repair intermediate of DSBs (20) . Thus, NS1-nicked RF DNA and unpaired (replication) intermediates (Fig. 10, d and e) might be perfectly opened DNA helices that function as DSBs and trigger ATM activation.
In addition, delivery of the AAV2 genome by UV-inactivated AAV2 has been proven to induce an ATM/ATR-mediated DDR (32, 43, 67) , which differs from the DNA-PK-mediated DDR induced by AAV2 DNA replication (22, 73) . In our study, we observed that the extent of DDR induced by MVC DNA replication somehow correlated with the replication efficiency and the accumulation of the ssDNA genome during infection. Interestingly, H2AX was significantly phosphorylated when cells were inoculated with UV-inactivated MVC at a high MOI of 40 but not at a low MOI of 5 (data not FIG. 10 . Proposed DNA damage response pathways induced during MVC infection. The proposed pathways are described in detail in the Discussion. The model of MVC DNA replication refers to DNA replication of the minute virus of mice (23) . Bax translocalization and caspase activation have been shown previously (19) to induce apoptotic cell death during MVC infection, and upregulation of cyclin B/CDK1 was confirmed to be responsible for the G 2 /M arrest that is induced during MVC infection (19) . L, left terminal repeat; R, right terminal repeat.
shown). Thus, we speculate that the accumulated ssDNA genome of MVC may also contribute to the DDR induced during infection (Fig. 10, g ), which warrants further investigation. Based on the information summarized above, we hypothesize that during the virus life cycle, replication of the MVC genome leads to an accumulation of strand breaks and that these are registered as DSBs and thus trigger ATM activation. RPA-coated ssDNA breaks, on the other hand, could potentially trigger ATR activation (Fig. 10, a and f) during replication (95) . Notably, MVM infection also induced an ATM-activated DDR that helps MVM DNA replication in MVM-permissive cells (David Pintel, personal communication). Both MVC and MVM are autonomous parvoviruses, meaning that replication of their genomes does not require the function from a helper virus. Thus, the MVC and MVM infection systems both provide simple models in which to study the DDR induced by the ssDNA genome of parvovirus. It is now clear that, like other DNA viruses (27, 56) , the autonomous parvovirus hijacks the cellular DDR machinery to facilitate replication of its genome.
Only the ATM activation-mediated DDR facilitates MVC DNA replication and elicits cell death in MVC-infected cells. Although MVC infection induces activation of both ATM and ATR, we found that only the ATM-mediated DDR contributes to MVC DNA replication and cell death. In response to DNA damage, cells activate a complex network of factors (6, 45) that silence CDKs and thereby arrest the cell cycle, promoting DNA repair (8) . Interestingly, MVC infection impaired cell proliferation and disturbed the cell cycle, allowing a transition from the S-phase accumulation to the G 2 /M arrest as the infection progresses (19) . Thus, the MVC infection-induced DDR supports replication of the viral DNA by first arresting cell cycle progression at the S phase and then impairing the cell cycle at the G 2 /M phase to prevent mitosis, which would lead to apoptotic cell death. On the other hand, if the cell sustains DNA damage that cannot be repaired, the DDR triggers a cascade of apoptotic cell death, through either a p53-dependent or a p53-independent pathway (69). We found that p53 was phosphorylated upon MVC infection and that it was dephosphorylated in the context of ATM inactivation (Fig. 5) . Furthermore, replication of transfected MVC RF DNA induced phosphorylation of p53, albeit at a low level (Fig. 9) , which presumably is due to the low level of DNA replication by transfection compared with that during MVC infection. These findings suggest that phosphorylated ATM activates apoptosis in a p53-dependent manner (Fig. 10) . Bax translocalization and caspase activation have been shown to occur during cell death triggered by MVC infection (19) . We hypothesize that phosphorylated p53 may activate the BH3-only molecules, e.g., tBID, BIM, and PUMA, which further activate Bax/Bak (46) .
We have demonstrated that the ATM-mediated DDR is involved to some extent in cell cycle arrest, which is p53 independent. We believe that CHK2 (checkpoint kinase 2) likely signals to activate this ATM-mediated G 2 /M arrest (6) . Notably, we did not observe a clear DDR in cells transfected with nonreplicative and poorly replicating MVC constructs (Fig. 9) . The cell cycle of these transfected cells, however, was arrested at G 2 /M phase (19) . We think that the DDR-induced replication of the MVC genome may not fully account for the cell cycle arrest during MVC infection and that an unknown mechanism may contribute to the cell cycle arrest induced by the viral genome, specifically the terminal repeats (19) . Actually, both inhibition of ATM activation and knockdown of ATM only moderately rescued the cell cycle arrest. It could also be that a low level of DDR induced by the MVC genome, which is able to induce cell cycle arrest but not cell death (19) , is not sufficient to induce a significant increase of ␥H2AX. Therefore, in the context of the DDR induced during MVC infection, it may be easier to prevent cell death than to prevent arrest of the cell cycle.
The MRN complex localizes to the MVC replication center. The MRN complex is involved in the initial processing of DSBs as a sensor and is required for ATM activation by DNA damage (52, 63, 81, 83) . It is also critical to the repair of DNA damage (28, 78) . The MRN complex is required to signal DDR induction during HSV-1 infection (55), mutant adenovirus infection (18) , and HPV infection (59) . In contrast, the MRN complex has to be destroyed during adenovirus (77) , AAV2 (74) , and SV40 (94) infections. During MVC infection, the MRN complex was assembled at early stages of infection, but Mre11 was slightly degraded at later stages, while the virus was actively replicating. A loss of Mre11 at later times following HSV-1 infection has also been reported (36) . However, the MRN complex was colocalized to the MVC replication center during the course of MVC infection. Further evidence that Mre11 knockdown reduced MVC replication approximately 3-fold (Fig. 8 ) strongly supports the notion that the MRN complex is required for replication of the MVC genome ( Fig.  10 ) and that its role may be to recruit DNA repair factors to the replication center (14, 37) , as p-Nbs1 is essential to DSB repair (29) . On the other hand, the MRN complex senses ATM activation, which in turn may mediate proteasome-dependent degradation of the MRN subunit (94) at later stages of infection.
HSV-1, SV40, and HPV have all been shown to induce the ATM-mediated DDR, whereby a number of repair factors are recruited to the replication center (59, 80, 87, 94) . Exactly how the DDR microenvironment helps viral DNA replication is largely unknown. DSBs can be repaired by either of two distinct repair pathways: nonhomologous end joining (NHEJ) or homologous recombination (HR) (70) . Components of these repair machineries have been shown to support viral DNA replication (56) . For example, DDR-induced Rad51 facilitates replication of the EBV and SV40 genomes (14, 48) . Studying the MVC replication-induced DDR and how this response feeds back to help MVC DNA replication will likely help us to understand the mechanism underlying the virus infection-induced DDR.
In conclusion, MVC infection-caused cytopathic effects are unique and are mediated by the DDR induced by replication of the viral genome. We believe that the DDR is induced during parvovirus infection and that the ensured cell death and cell cycle arrest may be common and potentially synergistic mechanisms underlying parvovirus infection-induced cytopathic effects. Understanding the mechanism underlying the MVC-induced DDR and the DDR-induced cell death and cell cycle arrest pathways will potentially elucidate the molecular pathogenesis of Bocavirus infection, as well as unravel the mechanism underlying the regulatory DDR pathways.
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